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ABSTRACT

For certain assumptions, an aralysis of mutiola IAD,

signals results in a reasonable esti.at fo: the lccaiza-
tion of a target relative -to the MAD platform. This is

achieved by u1sing selective approximations t19o 2inearizq4 an

initially nonlinear problem. The Simalation igno~ss nolse

and requires an estimate of the signitude of the target

magnetic moment c3moorents. Results indica-te -tha-: "he best

localization esti-mates are achie ved when the platform is on
cardinal headings, and when the -:argst moment has a strng
vertical component.
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1. rjTRODUCjIDH

A. BACKGROUND

Ever since the operational in-troduction of the MAD

(Magnetic Anomaly Detection) system in 194L&,ithsbna

single sensor system limited to indicating detection cnly.

The short r-anges of the early va:sions allowed a genzira).

localization if a signal was detected. The ase of multiDie

sensors should allow for a good est;imate of the target's

location relative to the sensor platform, assuming that the

arrangement of the sensors is such that the received s-ignals

are linearly independent of one aaothiar. Previous attempts

to olv ths roblem have in genaraJ. focused or. the use of

only two sensors, but did not develop a usable solution to

operational complation. work has been done on th's topic by

'Wynn et al. , [Ref . 1] using a superconduct:ing gradiomster

* -array. The measured signals in their work were subjectsd to

a novel signal processing technique which, In the labora-

-tory, was used to invert the dipole fiald equation to deter-

mine both the position and 'the mozeat vectors of a dipole

signal source. This thesis approaches the same problem by

simulating five standard total field measurements. As shown

In Figure 1.1 ,four maanetometers moving in parallel paths

are used to obtain-, these measursments. The advantage of this

approach compared to that of Wynn at al. is -nhat: it ut-iliz-as

existing technol:ogy in onjunction with approximaticns,

deli-neated in Chapter 3, in orlzer to produce a usable

result.

9



B. APPROACH

The problem of localizing a target from any platform

involves at least three unknowns: r, :y, and r, the zompo-

nents of the position vector frm the platform -o the

target. In the case of using MAD, three additional unknowns

a)( my, and m., the components of the target's magnetic

moment, are also involved. The result is that there ars six

unknowns that must be solved for in order to locall's a

target using MAD. Since a normal sized magnetic targ. an

be approximated by the magnetic field of a dipole [Rel 2],

it was decided to use the dipole equat.ion as descrit in

[Ref. 3] to generate the signals used in this simul .

Equation 1.1 describes the MAD signal, and will be deve. ped

from the dipoLe equation in chapter 2. Equa-tion 1.1 is non-

S)-e+e3 (r= rV/rs (eqn 1.1)

linear in the unknowns. The position vector i equlation 1.1

is defined as going from the target :o the platform; this is

a consequence of using the dipole equation, and will be

explained later.

Ths cartesian ccordinates are iafined in Figure 1.2

The z axis is in the direction of platform motion, and -he y

axis ia vertical down. The ccmponents of the earth's fiel

unit vector, .X V, a, and e, are assumed to be known quanti-

ties. Since it is very difficult to explic::ly solve a set

of ron-linear equations in six unknowns, the Dr-obim will be

simplified by making assumptions and dividi: i.n-c two
special cases. The first case is a trivial ono in which the.

target's position is assumed known. For this case, ;quation

1.1 is linear in the thr.ee unknowns g, m7y, and m. :f the
threae measureients are linearly independent, then Cramer's

Rule, [Ref. 4], may be used to solve for these ,inkncwns. Tho

10



second cas-? is the mcre dif ficult one, anditi horb.

Investigated ina this thesis. In this case, th e a Ssu m tcn

ma d - that t- arget's magnetic moment is knowr.. "hat

reluces eguation 1.1 -ito a non -iar eguatior. irn nlv

three unknowns, r, , r1, and rZ. If zhis simol-4f44ec vzrsion

of equation 1.1 could be man pulatal into a linza: form by

using several sensors and appro3priate ccmbi-na--ions of

signals, the positicn of the t1-argat could easil.y be solved

for.

This thesis will 1 develop an approximate solution -c -h-;,

problem by using combinations of the total field sig:nals of

an idealized multiple MAD system.
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rx. T =.H

The total field magnetometer measures the xagn.-ud U of

the vector sum of the ambient mag-_tic field of -he earth

and the magnetic field of a magnetir dipole :omen . The

field of -he dipole will used t3 represent -he magnetic

field of the target. The magnitule of the vector sum is

called the total field as given by

B IBe + It o

Be reoreserts the eart-h' s magnetic field vc-cr and b,

represents the field due to a magnetic dipol. In the

ganeral cass of interest hers, the magnitude of the dipole

field much less than -he magnitude of the earth's field.

Under cer-aia conditions, a useful approxima-ion -o -he

total field may be derived from the geometry shown in Figur _

2.1

Figure 21 Vco eainhpo n

In this figure a very small vector is added to a vary large

one. The veztors of Figure 2.1 are not to scale. ot s to

be considered several orders of magnitude smaller than *.

The application of basic geometric formulas for the sides of

a triangle and the angle between sides yields

3 3e2 2 - 2bABeCOSO

- • . .. ". . - ,: :,- -- , , ", . ..- l : 2 ... ;._ . . .. 2 "-,. : . ... _ . _. _ _.1.4.:



for the geometry of Figure 2.1 . I1 terms cf 0 this equation

becomes

32b
S= B62 b~ + 2b Bec so

The B,2 term can be factored out of the :ight hand side of

the equation to produce

3.2 = Be2{l + (bj/Be)2 + 2(bL/Be6 cos@

Taking the square root yields equation 2.1

.-B(t 1(bB,)22bI/Be)coseJ]I (eqn 2.1)

Since by assumption bL is much lass than B*, the -arm

.(bj/Bt) is much less than 2(bL/B.) cos@ and can be consi-

ered negligible. This reduces equation 2.1 to

B =B 1+2(bj/B¢) cosS]'A 1  (sqn 2.2)

The general expansion formula given by

(1+x)" = + nx + n(n-1) x/2! + 9igher Order Te.rns

can be applied to aquation 2.1. For tb.:h case hsr.°, n=1/2,

and x=(b /B,)2+2(bL/B 2 cos9, Substituting these values into

the general expansicn formula gives aqua:ion 2. 1 as

= Be [1 + .5( (bj/B. +2 2(b&/Be) COS@]

1 /8[ (b4/Be)? + (2bA,/B¢)Co3e]2 + H. .. }

Squaring the appropriate t--rm and multiplying through by -he

coefficients results in

S3  = (1 + .5((bs/Bg) 2] + lbL/Bi :osg 1/9: , /B1]

- 4/8( b/BO ]3cose - 4/8[bL/B* ]2Cs2@ + 1. T.

The cubed and higher order terms will be considered to bq

negligible. Dropping those terms and .a:raaging h s

remai.ning ones yields the form

15
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Bt B.(1 + (bs/Be)cose- .5(b2/Be)ZcosZ9 + .5(bA/ ,e 21

Using the relation sin2S + cos 2 e = 1, this readuces tc

B = Bt (I + (bj,/B% )cOse + .5 (bk/Bg) zsinze)

fter multiplying through by Be, the second term can be

written in tarms of the dot product bj, Be/B. This is

reduced to bdol f the unit vector _ is defined as Be/i,

and the resulting equation is

3 = B + bse + .5(b1/B&) 2si2@

Siace bi is on the order of 1nT while Be is on the orde - of

50,000 aT, the error term involvi. the sin is negligl _ .

For the stated assumptions, eluation 2.1 can be :etes*nted

by

B= B2 + bL (eqn 2.3)

In this thesis, Be will be assumed constant. In ad-ion,

this simulation will assume that no noise exists. Thus, the

total fiald magnetometer will measur_ the anomaly in the

earth's field defined by

Ss r) = bA

In this expression, bi represent.3 the magne-ic field of a

dipole. 3j is defined (Ref. 3) by the equation

.. b( ) = -L/r3 + 3 (m f) /rs (eqn 2.L)

' is the magnetic dipole moment in units of aTft 3 . f is the

position vector to the field point and is measured in feet.

If b A is much less than Be , than equation 2.3 and equa-ion

2.4 result in the equation

16



S() 4*) /r'r (eqn 2 .5)

This equation is an alternative basis for ths derivaticon of
the Anderson's Functions, found in (Ref. 5]. The Anaz-zscn

Functions are a commonly used approximat ion for the signal

receivel by a HAD sensor. The co~puter s!imulation in this

thesis is based on equation 2.5 dir:ectly, sc It is ir., a

reozesentation which is sasier to use than the Ardszson's

function representation of a IAD si4gnal.

17



II1. NkTUj QE ill ?!oJLE!

This thesis will develop and demonstrate in approxima-

tion that generates a reasonable solution of ths target's

position relative to a platform bearing several "sensors" to

"measure" the magnetic signal as the platform makss a

straight line encounter near the target. The assumptions are

as follows:

1.) The dipole equation is a valid representa-ica of

the magnetic field of th? target.

2.) bj is several orders of magnitude smaller than B*.
3.) Measurements are done using only straight lir. en-

counters.

•.) The target's magnetic dipole moment is a kacwn

vector.

5.) The earth magnetic field vrcztor is known.

6.) The gradient of the earth's field is zero.

7.) No magnetic ncise of any kind (environment, sensor,

etc) 3exists.

8.) The measurements are oriented along four lines

- . which are oriented with respect to the flight path as

shown in Figur . 1.1

Since the dipole equation is written with the moment at the

origin of a coordinate system, the calculations of the
signal field values used in the simul-tion are made wi-h the

target located at the origin. is will be peen, the program
performs a coord ate transformatioa in order to produce the

output of target position relative to the platform. After
this coordinate transformation, the origin is located at the

sensor platform and moves with it.

The five measurements are maie along four separate

flight paths, so only four differenc "sensors" are involved.

18



Sensor 4 could be replaced by induciag a time delay in -ha

measurement of sensor 1. The signals generated at th"s-

measurement points ar. measured at sach time step. The posi-

tion vectors can all be described relative to the origin,

located at the target, in terms of the position vecto: of
sensor 1. The measured signals a-r. represented by the

following equations:

.s ("I=- ((=m + ) (r2) 2-3 ( ur fy-dJ+V) (xe +[ y-d / zV ) /r2

| s({ )=- (m +mtiaj (r3)2-3(m-jx-d]+Vy+rez) (Cx-d]e+tIy }zV)/r3s
,, ' S ( - =- { ( m;V n (r4)2i-3 (Vm+Va/+qj z-d ]) (xe VyVz-dl]V) /-45

s (-)=- (m*,&+uW (r5) 2-3 (x+( xd ]e=yetzV /5 5

For convenience, the following dummy variables are usel in

the computer program and are definal az:

G = me], M 79,+Mia

Vl = 3me,, - G

V2 = 3 (mxe 7 + m, V.)
V3 = 3mye - G

V4~ 3(m e, + me)

V5 = 3 me. - G

'16 3 3(mle, MX
S1 S(=I)

S2 = S(r)

S3 =

S4 = s(f)
35 = s(A)

The use of these variables reduces the above equations to

the following form, which are the 3.9fining equaltions for the

signals in the simulation.

S1=(Vlx2+V2xy+V3y 2 +V4yz+V5z2+V6xzo/rl5

19
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S2= (VlxZ+V2xy-V2xI+V3ya-2V 3yd+V3d 2 V4yz-Vdz+V5z2 V6xz) /r25

S3= (Vlxz-2V1xd+Vld2+V2xy-V2dy+V3y+.V yz+V5z2+V6xz-V6iz)/:35

S = (Vlxz+V2xy V3y2 Vyz-Vl yd+ V5z 2 -2V5z d+V5dz +6xz-v6xd) /:L-4s

S5=(V1rZ 2V1zd+Vld 2 +V2xy+V2dy+V3y 2+ 7 4yz V5zZ+V 6 x z +V6 , z)/r5s

The unknowns of interest are x, y, ani z, which are :el.ated

to the position vectors as follows:

r = xt + YT + A (eqn 3.1)

rl = xt + (y-d)T + zA (equ 3.2)

rl = (x-d)t + YT + z (eqn 3.3)

= xt yT + (z-d)k (eqn 3.4)

r = (x+d+ YT + At (eqn 3.5)

To linearize the problem it will be assumed tha 4-he

denominatcrs 3f the equations for 5I, S2, 53, 34, and S5

given above are all equal to r, i.e.,

r - rl = r2 = -_3 = r4 = r5

Tha equations for Si, S2, S3, 54, and S5 with the denomina-

tors equal can then be subtracted f-om one another to yield

the following:

S2-S3 ( 2- 2V 1) x+ (2V3-V2) y+ (V 4-761 z (V1-V3)dI (-d/rs)

S2-S5=(V22V1) x (2V3+V2)y (V4+VS) z (V1-V3)dI (-I/rS)

S3-Sl=(2Vlx V2y V6z-Vld) (-d/ - s )

S5-S I= - 2Vlx- V2y-V6z-Vld} (-d/r~j

S3-S4={(2VI-V6) x+ (V2-VE) y+(V6-2V5) z+ (V5-V1)d) (-d/r s )

$5-S4= (- (2V 1 6) x -(V2 V4) y- (V6 2V5) z+ (V5-V1) d) (-d/:s)
Since the denominators are assumed t: b identica!, if these

six equations are divided in pairs the coefficients

involving the non-linear rs term 3n the quantity d are

canceled out. This results in the following equations that

define the new variables Al, A2, ani A3 as

Al = (S2-S3)/(S2-S5) (eqn 3.5)

A2 a ($3-$) / (S5-5i) (eqn 3.7)

A3 = (S3-S41/(S5-S4) (;qn 3.8)

20



Defining the follw-ing variables for convenience,

C1 = Al(V2+2V1) - (V2-2V1)

C2 = Al(2V3+V2) - (2V3-V2)

C3 = Al(V4+V6) - (V4-V6)

K1 = [ (VI-V3) - A (Vl-V3) ]d

CL4 = A2 (2V1) + 2V1

C5 = X2(V2) + V2

C6 = X2 (V6) + V6

K2 = CV1 - A2(V1) ]d

C7 = A3 (V6+2V1) - (V6-2V )

C8 = A3(V4+V2) - (V4-V2)

C9 = A3(2V5+V6) - (2V5-V6)

K3 = ( (Vl-V5) - A3 (Vl-V5) ]d

equations 3.6 - 3.8 can be writ-en in -he following form as

Clx + C2y + C3z = KI (egn 3.9)

CLx + C5y + C6z = K2 (eqn 3. 10)

C7x + CSy + C9z = K3 (eqn 3.11)

These three equations are linear in terms of x, y, and z. In

addition, they are linearly indepandent as shown by usin

the program in Appendix B. A sample output demonstrating the

linear independence is shown in Appendix C. Since they are

linearly independent, Cramer's RuI.e can be used to solve

equations 3.9 - 3.11 for x, y, and z. The computer program

in Appendix A was written in terms of these equations. Thq

program assumes that the magnitude of the target's magnetic

moaent is 5xIO6 nTft3. A represennative moment was selec-ed

by using the values listed by ?romm in [Ref. 21, who lists a

moment of 106 to 2x108 cgs units fDr a submarine. One cgs

unit is approximately 3.35 nTft 3. The value usel in -he

program is a rounded out average of Fromm's values.

Computations are done using -he standard convsntion with the

target dipole at the origin. However, as indicated earlier,

21
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the output -s corrected by a coorainate trnf~a:n sr

that the platform is at the origirn, and the ta:at posit--i

Is given with resoect to the platform.

0-

22



Iv. RcSMSMV

A. GENERAL

The program in Appendix B was written to check whether

the results generat-d by the approximation squat'ons were

reasonably close to the actual coordinates of the target.

The program was modified into the form shown i Appendix A

to graphically provide a Comparison between ths calculated
and the actual position coordinates. Initial parameters for
the knowns in the equations wire a pla-.form heading of 300

magnetic, an earth field rector of 79o down from ths hori-

zontal, and a target dipole moment vector with a vertica.

component 500 down from the horizontal and a horizontal
component oriented 3550 from magnetic nor-h. These initial

parameters have no special signifiance, ani meraly repre-

sent a convenient starting point. As discussed earlier, the

magnitude of the target dipole moment was set at the value

of 5X10s nTft3 . The spacing between measurement positions,

d, was taken as 50 feet, and the platform passed directly

overhead the target at 1000 feet. This and all subsequent

runs were started at 5000 feet prior to CPA (closest point

of approach) with the platform advancing 50 feet per time

step. One position calculation was compl d a- each time

step, the simulation ceasing when the platform was 5000 feet

past CPA. For interpretation purposes, calculated target

positions are shown as the sensor platform moves 10,000 feet

past the target in a straight l-n--= encounter, with CPA

occurring at the 5000 foot point. Neither the CPA nor the

+arcet's location are in any way considerc. known in the

localization process. However, as the. area of interest is

the behavior of the simulati'on -lose to CPA, -he closest

23
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Figure 1.3 Initial Run, z position.

this thesis investigates straight 1.6:, encounters only, :e

x(actual) and y (actual) cocrdinatas will r-amaln coista-n-t

throughout any run for t-he coordinate iriLantaticn used. Ths
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r..Figure 4.4 Initial Run, corrected y position.

five measurements wviii t6herefcrs b B made w-4-'. their- r,?sppc-

tivs x and Y Coordlnal.es as constai'tS. The z cocrdinata? will

vary. This means that fo h as It~sc=-ibed,
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x (actual) would be constant at zer-., y (actual) wou_ be-

constant at 1330 feet, while z(actual) would 1 rogress : :cm

5000 feet to -5030 feet. F igures 4. 1 - 4.3 show a cclmpar-

is on of the act-.ial and calculated target positions a s the

platform completes the initial run described earlier. it

will be noted that the calculated and actual x, y, an d z

positions are almost identical at the start of the run. This

is a coincidence. "Crossover" points such as this occur fo:

all three coordinates simultaneously during a run, falli4g

closer or further away frcm CPA, dapend-!ng lapon the choice

of parameters.

In this initial run, it is obvious that the "worst"

esti4mates occur for the! y coordinate. This I's less sig~nifi-

cant than it seems at first glance, however as the y ccor-

dinate is the vertical separation between the olatform and
the target. If the targst is submerged, this value i

unknown, but the altitude ofl the plat.form is known. Th c

target can be no closer to the 9Plat for m than this alti-tude,
s1nce the target i4s physically unable -so rise above the

ocean surface. ks an example, i.f a tazge:- dapth of 200 fsat

iassumad, the i-niti-al y sevaration of 1000 feet forces -the
altitude in this simulation to be 830 fset Usin-,g this value

as a bound on y, It can bea seen in Figure 4.4 -that the y

calculated position is somewhat improved. Accordirgly,i

seems that the particalar arrangements of sensors shown in

Figure 1.1 do3es show promise i.n the problem of utilizlna

this gecuetry of M u'Ltip l . .1AD for accurates 1oca1iJza-:_-on

puroses. Accordingly, variations of par-ameters were =-i

in order to determine what,- effect, :hanging them would have.

In all cases, parameters not specifi-cally mentioned in a

secti-or, will retain the values as for the _4n itZ.a I run

described above. The singularity-like behavior occunina at

various places or. the graphs are a result of -:he determinant

of the denominator i-n the Cramer's Rule subroutin~e having a

value close to zirs.
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B. HEADING CHANGES

In -his section, the localization process will be inves-

tigated as a function of heading. Compared to :he ;nit-al

conditions described above, the crossover points were found

to be moved further out past 5003 feet prior to CPA on a

heading of 00. While a specific example of --his is not

shown, the behavior of the crossover poin-ts for the pla-tform

headings of 300 and 600 may be observed by comparing Figures

4.1 - 4.4 to the respective portions of Figure 4.5 . The x

position estimates were better for -a North-South hsadiAng

than for any other platform heading, although -:he estimates

on East-West headings were also very good. For a 900 heading

there are two crossover points located equidistan- a-t 1200

feet from CPA. Calculated positions on all headings are

generally good, excepting those iround 600, where the x

estimates shows a large discrepancy at distances greater

than 3000 feet prior to CPA. The y astimates are no-. signif-

icantly affected, but the z estimates are good only within +

1200 feet of CPA. Nevertheless, even in this worst-case

situation, reasonable calculated coordinates are available

for localization along a significant portion of the track.

As shown in Figures 4.5 - 4.8, headings in the quadrant

00 - 900 reasonably describe what happens on any heading, as

thg graphs for analogous headings (530, 1200, 2400, and 3000

in this example) have similar shapes, although -he crinta-

ticn may differ between quadrants. These si'lari ' =  -
apparently due to the fact -hat analogous heading in quad-

rants 1 and 3 and quadrants 2 and 4 are in fact reciprocal

headings, and so one would expect -he graphs to maintain the

same shape; however, the ending point of one would represent
the starting point of the other. The relationship between

adjacent quadrants probably exists for similar =eascns.

29
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C. TARGET DIPOLE MOMENT CHAINGES

In this section, the horizontal component of was

oriented in the 00 (magnetic North) direction vice 3550, and

the vertical component of M was varied. The bhst positioning

was obtained for I oriented vertically up,i.e., no hori-

zontal component, and an example for that case is shown in

figure 4.9 . Poor positioning was obtained for the vertical

component of I pointing between the horizontal and 450 up.

The worst case shown is Figure 4.10, where i S oriented

horizontally pointing due ,orth. With the moment oriented at

an angle below the horizontal, reasonable positioning esti-

* mates were obtained. Th-re was less variabil.-ty in posi-

tioning for moments pointing below the horizontal than for

those pointing above the horizontal.

The results for variations in the orientation of -he

target dipole moment suggests that the posit-oning sst-mates

are less sensitive to moment orientation changes in the

horizontal plane as compared to tfe vertical plane. For
exampl-, by keeping the vertical component of m constant at

an angle cf 500 down while varying the horizontal component

direction it was fcund that the horizontal componr.nt

affected the positioning much less than variations in the

vertical. Illustrated in Figure 4.11, the x -stimates of

position improve as the horizontal component approaches the

platform heading, while the y estimates improve as -he ho-i-

zontal component approaches alignment with magnetic North.

" Th - latter case is not shown.

* D. CHANGES IN SENSOR SPACING

Changing the inter-se-nsor spacing had at most a weak

effect upon the position output, even with soacing as short

as 5 feet or is 1ong as 200 feet. Zhis would be expected in

a computer simulaticn where sufficient precision is
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av a ilabli. For a spacing as grzat as 13)0 feet 3szf

becams notizable:. In -h= real if:ild, sensor sp!::n7 _w-1-

.nfuene he? local izati-on astirnatcs.

E. ALTITUDE CHANGES

For a straight overhead pass, positioning infc~mation

appears best if a pass with a 500 ta 1000 foo: separation

between the target and the platform is made at CPA. At

greater alt-itudes, the accuracy suzff- zs slightly wit+-a ths

increase in altitude, while at lesser ranges, usable posi-

tioning i nformation is obtai.ned oaly relatively close t

CPA. For exanple, for a ver:._cal saoaration of 400 feet,

positioni-ng data was very i-naccurata at slant ranges greater

than 1000 feet.

P. MON-OVERHEAD P&SSIS

This program gives poor results- for passes that are nc*
t'ractly ova: or direcltly off to one side of the tazast. Thrr

wort itaton bsrvd-n an! variat-oa :s illus-rated in.

Figure 4.12 .To genera.-s thifs figure, a pass was made such

that the actual x coordinate was approximately equal 4-c t'he
actual y coordinate. The best positioning was achis-vsd -by

overhead passes, but low off -o the s"1ie passes car. yield

good results as wall.

G. AVERAGES

The averages esligfo anuerof runs ar e

prsented in rable I r Thes-a selectal averages, covering

* ~all of the variations discussed in this chapter, show ltl

cOnsistency. This is probably due i6n part to the existence

of the singularities. The variability is also a functicn of
the limits of travel for t he runs. 39v grtheless, for most
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T ABLE I

Values of x and y Averaged over a Run

a-.q£ -a a-vl a-vq
3 m x x I

run hd d V~~ noerz ac aca a calc

1 300 50 500 -50 a 42 1000 480
2 00 50 500 -50 0 -17 1000 651
3 150 50 500 -50 3 19 1300 548
4 450 50 500 -50 0 -296 1000 893
5 600 50 500 -50 0 302 1000 -248
6 750 50 500 -50 0 244 1000 -185
7 900 50 500 -50 3 222 1000 -169
8 1200 50 500 -50 0 326 1000 -217
9 1500 50 500 -50 0 96 1000 385

10 1800 50 500 -50 0 11 1000 539
11 2250 50 500 -50 3 2i44 1000 825
12 2700 50 500 .-50 0 -219 1000 -167
13 3150 50 500 -50 3 -10 1000 585
14 300 50 500 00 3 26 1000 494
15 300 53 700 00 3 -96 1000 1025
16 900 50 700 00 0 384 1000 -532
17 300 50 -900 00 3 199 1000 -796
18 300 50 -1450 00 0 -206 1000 -674
19 300 50 00 00 3 -8 1000 -18
20 300 50 900 00 0 199 1000 -797
21 300 50 500 50 3 79 100 462
22 300 50 500 300 0 102 1000 631
23 300 50 500 900 3 66 1000 993
24 300 50 500 -450 0 383 1000 -270
25 300 50 500 -900 3 376 1000 -321
26 300 50 500 -50 436 412 900 1690
27 300 50 500 -50 5)30 -180 900 199
28 300 50 500 -50 714 -116 700 848
29 300 50 500 -50 333 -255 600 911
30 300 50 500 -50 857 -501 500 440
31 300 50 500 -50 917 -412 400 -.423
32 300 50 500 -50 954 1147 303 -2025
33 300 50 530 -50 93 944 200 -1861
34 300 50 500 -50 994 797 100 -1665
35 300 50 500 -50 1333 813 0 -1471
36 300 50 500 -50 -803 -u478 600 538
37 300 50 530 -50 -533 -345 800 492
38 300 5 500 -50 0 37 1000 466
39 300 10 500 -50 0 37 1000 461
40 300 25 500 -50 0 38 1000 470
41 300 75 500 -50 3 45 1000 490
42 300 100 500 -50 0 48 1000 500
43 300 1000 500 -50 3 193 1000 759
44 300 50 500 -50 0 -66 800 662
45 300 50 500 -50 3 -238 600 1058
46 300 50 500 -50 0 -870 400 1757
47 300 50 500 -50 3 390 200 263
48 300 50 500 -50 0 108 1200 372
49 300 50 500 -50 3 219 1400 246
50 300 50 500 -50 0 266 1600 192
51 300 50 500 -50 3 313 1800 152
52 300 50 500 -50 0 410 2000 72
53 300 50 -450 450 3 275 1000 -344
54 300 50 00 450 a 138 1000 140
55 300 50 500 450 3 -226 1000 693
56 300 50 -. 450 -450 0 -584 1000 -785
57 300 50 00 -450 3 -802 1000 19
58 300 50 450 -450 0 332 1000 -201
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cases, they do show reasonable values, and by themselv-is lo

provide limited localization data. The problem for inflight

an&alysis would be to determine the bounds of a ru n tn re

absence of any other target positioning data.

R. INPORTINCE OF CONSISTENCY

hn Important observation resulting from the analysis of

*the graphs, inacluding those not shown as exampl.es in -this

chapter, is tha-t the rats of change of the calculated c-cr-

dinates givss some indi-cation of the vali4dit-y of -the posi.-

tioning data. If the x and y graphs have a slope close to

zo, an-f the z graph has a slope of -450 for the calcu-

lated coordirnate, then positioniag data is liksly to be

comparativaely] accurate. If all three graphs f 'l1f ill. t hi S
condi-tion si-mult-Aneously, then positioning date appsars to

be usable.

1. INPLIMENTITION

The possible implementation o.L the process described in
this thesis would be to assume a magnstic momant for the

target, then run the sigrial data through the proc---ssi:~ to

generate positioning data, and ther, compare these :-sults to

those obtained by using the assumed moment t-3 a e n t a

signal via this simulation. If the agreemernt6 betweesn r esults

were good, one could azsume that one had assumed the correct

target moment; if not, one would assume a different moment,

and gc -.hrough the process again, util one had a reasonable

target mo merit, which would be valid at least until1 the
target changed course. Using a comput:erthscopron

could be made reasonably quickly, so this procsss might have

operational possibilities.

L1 1



V. CONCLUSION

For the assumpticns made, the gositioning stmt are

reasonable. Also, the averages taksn of the three c:oo~d-

nates as calculated throughout the various runs show -:hat

the x calculation averages are in general at wcrst wit-hin

500 feet of the actual x value, wdilze the worst y calcula-

tion avarages tend to be within 1300 feet of the actual Y

value. The best calculated x and y values wgere withifn 100

*1 and 200 feet, respectively, of the true values.

Trends observed were as follows:

91. It is best to fly the sensor platform difractly ovsr

the target, or alternatively to have a d ista nt'

(between 1000 and 2000 foot) CPA off to one side whLilz

m ri.jzing the target 1-o platform separation in tas y

direction. The worst situation i;s when the target is -at

a point that, at CPA, -has a depression a::gl3 of 450 with

respect to the platform.

* 2. Best vertical separations are those that- w-iyi

500 tc 1000 foot vertic-al dist16ance bet-ween taraet a.:i

platform. Short vertical separati-ons should be avoided

if good locali4zat ion is desired

3. Seest results are obtained If headings are4 northizrly

OZ southerly. Poor results are achieved wish6' head-ings

close to 600. 1200, 24100, and 3030. East-W-ast headings,

vhi"e not as good as North-South, lo provide good posi-

-ioning data close to CPA.
4. Good results may be expected If A.. is a lar-gs

vertical moment, especially if I t Is vertically up .

Poor positioning results are obtainsd with this simula-

tion if the moment has a large hocizontal component.

42

. *~~ ~ ~~ ~~ . . . .- - -.-. ..- . . ...-



5. Results are slightly better if the target mom- s

lined up with either the axis f flight or wi4h th .

earth's field, although this effect is often omina-ed
by the more gross effects caused by the other va:iab-s.

A suggested apprcach for fur-her study is to i-j--ct

noise into the simulation in order to see how robust it Is

in the accuracy of the positicn calculations. I -he

results remain reasonable, .his approximation or in a!- ezed

form of it may one day have zeal-w-rld applicability.

" .

I.
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APPENDIX B

COMPUTER PROGRAM FOR NUMERICAL OUTPUT
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EXANPLE OUTPUT OF APPENDIX B

An example of the output of the program in Appendix B is

shown below. The total output for a single time step is

presented.

SENSOR SLANT S ENS ED CALCULATED
NUMBER RANGE SIGNAL SIGNAL

1 5C5000 O6054D-04 0.6054E-04
2 506C.1 0. 1 596D-C3 3,1612E-03
3 5050.2 0.26820-C4 O.2683E-04
4 5095.0 3,39400-0'4 0°4135E-04
5 5050e2 0.93660-C4 0.9368E-04

ECLATION TRUE APPROXIMATE
S2-S3 0.1327C-03 J..343E-03
S2-S5 0.6590C-04 O6748E-04
S3-S1 *3372C-04 -*3371E-04
S5-S1 0° 312C-04 0.3314E-04
c3-S4 -°1258C-04 -. 452E-04
Z5-S4 3.o426C-04 0o5233E-04

EQNS X Y Z
USED P05 POS POS
1 2 3 ACTUAL 0.0 -000.00 -4950.00

The first fi7e rows of data above are for the appropriate

"sensor" as indicated, the slant range from that sensor to

the target, the received signal as generated by equation 2.5

and the signal that would be generated using th. apprcxima-

tion described in Chapter 3 to leaaarize the problem. The

next six rows show the -esults of taking the differences

between the received and calculated (for comparisoL p'lrp-oses

only) signals, listed under the headings of TRUE and

APPROXImATE, respectively. The final two lines show the

actual coordinates of the platfor2 relative to the target

(the coordinate transformation has not been do,,es at t-1s

point) as ccmpared to the calculated position. these are the

points used by the program in Appendix A to plot the graphs

after the ccordinate -ransformation is completed.
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The second section of the output is sho? below.

EPUATI3ju CJN3TANT X Y
Nj MbcR COtFFICIEN4T COEFFICICNT Fi Q,5JO*J3 -Oo 3OeJZ -0,92.0 01 _:e

2 -0o044+3 Jao14, J, +J i300 O0 jo#j-vA
3 -0o -a03 i.DOi "-a . i U . 3450+i

I A T." 0/ -0,13 + 0 1 -0. 22E 03 -0. 71E+O ad. ; 3cr, ",
1/3 -0658%+a+ O, 'L 402 Qov9E 0U 0,O=a0O
2/3 e.44E+01 -0.0 C5-0 -O.os 9-02 O. i5a-Wi

The first three lines of the output represent the cceffi-

cie-ats of the equations 3.6 - 3.8 in th form of

CONSTANT = X OEFF(x) + Y COEFF(y) * Z COEFF(z). In order to

determine the linear independence of these -3qua-ions, -Ie

ratios of the coefficients are takea ia pairs. Since it may

be seen from the last three lins of -the output :1a- ths

ratios of the constants and coefficients differ sijtifi-

can ly for all three equations, it :aa be concluded that the

equations are liaearly independent. This holds true

throughout any given run, which may be verified by p=in-:ng

out all time steps for =hat zun.
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CRAMER'S RULE

A. GENERAL
Cramers Rule, a m~thod for solving sys-ems Df linear

equations in two or more unknowns, states -hat sach unkncwn

can be expressed as the ratio of two determina-es. Th

general form of a solution is shown below.

kx+By+Cz=O

Ex+Fy+Gz=H

Ix+Jy+Kz=L

A B C
D R F G

I J K

o B C
X= H F G /D

L J K

V E H G /D

I LK

A B 0
Z Z F H /D

1 J L

B. EXAMPLE

The following example was taken from (Ref. 4]. Solve:

3x-2y+2z-7

z+ y+ z-6

2x- y-2Z-2
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Let D be the ienominator.

I 3 -2 21
D =I 1 1 -17

2 -1 -2

6 1 1-5
= 2 1 -2 3

-17
D

-1 6 1-3

= 2 2 -2 = 4 2
-17

3-2-2 2 7

sane 1 1 6 :17-", Z = 2 -1 2 = - - = 1
'-"' -17

":"" D

-CHECK:

*.'. 3x-2y 2z=7
..... ,""3 (3)-2 (2) +2(1) =7

.... 9-4+2=7
i 7=7

-"i x+y+z=6

-. " 3+2+1+6
~6=6

'.<.i-2x-y-2z=2

2.' 2131 -2-2 1)1=2

" "" 6-2-2=2
~2=2

.. "'."C. SUBROUTINE "CRABBES ROLE" CHECK

R unnitg the values in. Section 3 through the subroutin--es

'[- ~oZ h progras in Appafnlix A ani Apre~xByedd

same results is -he example.
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